R ed-cell transfusion is one of the most common medical interventions. 1 Blood is stored for up to 42 days before transfusion. Biochemical, structural, and functional changes during storage may reduce oxygen delivery to tissues, and the release of extracellular vesicles and cell-free DNA during storage may cause a hypercoagulable state. 2 Observational studies have suggested that prolonged blood storage is associated with an increased risk of cardiovascular events. 3 Randomized, controlled trials have not shown harm in transfusing red-cell units with a longer duration versus a shorter duration of storage. However, most of these trials have been restricted to high-risk populations and have not been powered to detect small but clinically important differences in mortality. [4] [5] [6] [7] We report the results of a large, multicenter, pragmatic, randomized trial involving hospitalized patients requiring a red-cell transfusion. Our goal was to determine whether the in-hospital rate of death among patients requiring transfusion was lower among those who received blood after short-term storage than among those who received blood after long-term storage.
Me thods

Study Design
In the Informing Fresh versus Old Red Cell Management (INFORM) trial, we assigned hospitalized patients to receive transfusions of the freshest red cells in the inventory (short-term storage group) or the oldest available red cells (longterm storage group). 8 The steering committee designed the trial protocol, which is available with the full text of this article at NEJM.org. The McMaster Centre for Transfusion Research was the sponsor and coordinating center for the study and was responsible for the randomization design, coordination of data collection and data management, data validation, analyses, and trialcenter coordination. The steering committee vouches for the completeness and accuracy of the data and analyses and for the fidelity of the trial to the protocol.
The trial was funded by the Canadian Institutes of Health Research, Canadian Blood Services, and Health Canada. None of the funding sources had a role in the design or conduct of the trial, data collection, analyses, or manuscript preparation. The ethics review committee at each study center approved the study and waived the need for individual patient consent because all the patients received treatment that was consistent with the current standard of care, including a maximum blood-storage duration of 35 or 42 days, depending on the study center.
Patient Population
Hospitalized patients who were 18 years of age or older and who required a red-cell transfusion were eligible. Patients were excluded if they were expected to receive a massive transfusion (a request for 10 or more red-cell units at a time), required blood that had not been cross-matched, required autologous or directed transfusion, or had an indication for fresh-only red-cell transfusion. Some patients with alloimmunity to red-cell antigens were excluded if it would be difficult to find compatible blood. Patients were recruited from six hospitals in four countries (Australia, Canada, Israel, and the United States). At the U.S. study center, patients who were undergoing cardiac surgery were excluded because of a competing study, 9 and at one Canadian study center, patients in the intensive care unit (ICU) were excluded until a competing study was completed in August 2014.
5
Randomization and Intervention
Randomization was performed by the staff of the hospital blood bank after receipt of a transfusion request. Patients were assigned in a 1:2 ratio to receive blood that had been stored for the shortest period of time (short-term storage group) or for the longest period of time (longterm storage group). Study-group assignments were performed with the use of a computergenerated randomization schedule stratified according to study center and patient blood type (A, B, AB, or O). The 1:2 ratio was used to avoid excessive outdating of red cells. Within each stratum, treatment assignments were made with the use of random block sizes (3 and 6). The trial was not blinded, since regulatory agencies require blood suppliers to label all red-cell products with the date of blood collection or expiration.
Patients received either the freshest red cells in the blood bank's inventory or the oldest red cells available, according to their study-group assignment. Local policies regarding the duration of red-cell storage and transfusion thresholds were observed (see Table S1 in the Supplementary Appendix, available at NEJM.org). The study protocol prespecified the goal of a minimum difference of 10 days in the mean duration of red-cell storage between the two study groups.
Patients received red cells according to their assigned study group throughout the initial admission and any subsequent admissions during the study period. The conduct of the trial did not affect blood inventory policies, the decision to transfuse, the number of red-cell units transfused, or the administration of any other therapies or procedures.
Outcomes
The primary outcome was in-hospital mortality. The secondary outcome was the interval from hospital admission to in-hospital death. The primary analyses were restricted to patients with type A or O blood, since pilot studies had showed that a difference in the average storage duration of at least 10 days would not be achievable in patients with the less common B and AB blood types. 10 Secondary analyses included patients with any blood type.
Data Collection
We collected all trial data from hospital electronic medical records. Such data included demographic information, diagnoses, duration of hospital stay, and vital status at discharge. We obtained information on all transfused red cells (blood type and storage duration) electronically from hospitals' laboratory information systems, which have been validated for accuracy and approved by regulatory bodies. We also monitored the number of red-cell units that were outdated.
Statistical Analysis
We determined that a sample size of 24,400 patients with any blood type would provide a power of 90% to detect a 15% lower relative risk of in-hospital death in the short-term storage group than in the long-term storage group among patients with type A or O blood, assuming a 1:2 ratio for randomization and a 10% rate of in-hospital death in the long-term storage group. This calculation also assumed that 20% of all the patients who underwent randomization would not receive a transfusion (to account for blood stored in a remote refrigerator or sent to the operating suite in a cooler but not used) and that these patients would not be included in the analyses. We increased the sample size to 31,497 patients with any blood type after 12,555 patients had undergone randomization because the overall observed frequency of in-hospital death (approximately 8.2%) was lower than expected. The new sample-size calculation (performed in September 2014) was based on 8% mortality in the long-term storage group and a 15% relative risk reduction in mortality in the short-term storage group (absolute risk reduction, 1.2 percentage points).
We performed two prespecified interim analyses when approximately 50% and 75% of the events had occurred. The modified HaybittlePeto stopping boundary (i.e., 4 and 3 SD when 50% and 75% of events were accrued, respectively) was prespecified. If the threshold was crossed, confirmatory testing would be repeated 3 months later. No adjustment of the final significance level was made owing to the highly conservative stopping rule.
The primary analysis was based on a modified intention-to-treat principle that included patients with type A or O blood and excluded patients who were not hospitalized or did not receive a blood transfusion. Only data from a patient's first admission were included in the analysis. Patients were followed until in-hospital death or discharge. Data for patients who underwent randomization near the end of the accrual period were censored after 30 days of follow-up if they were still hospitalized; such patients were listed in the binary analyses as being alive. We repeated all analyses that included patients with type A or O blood as secondary analyses for patients with any blood type.
A logistic-regression model was fitted with in-hospital death as the outcome, and stratified according to study center and patient blood type. 11 We obtained odds ratios and 95% confidence intervals from this model. We used a Wald test to assess the null hypothesis of no betweengroup difference in the rates of in-hospital death. A secondary analysis was based on a Cox regression model of the interval between admission and in-hospital death that was fitted for all patients with type A or O blood and stratified according to study center and patient blood type. Model diagnostics for the proportional-hazards assumption were based on Schoenfeld residuals and associated tests. 12, 13 The cumulative probabil- ity of in-hospital death was estimated nonparametrically, with hospital discharge treated as a competing risk.
14 Subgroup analyses were performed to assess the homogeneity of the treatment effect among study centers, countries, blood types, and main diagnosis categories (cardiovascular disease, cancer, trauma, digestive diseases, and "other"). Four logistic-regression models were fitted for patients with type A or O blood, including main effects for each group variable and the interaction term between the treatment indicator and the group variable. Primary and secondary analyses were also carried out for three prespecified high-risk subgroups of the trial cohort: patients undergoing cardiovascular surgery, those admitted to the ICU, and those with cancer.
Additional exploratory analyses were conducted to further assess the effect of storage duration on in-hospital mortality. Cox regression models were fitted to include a time-dependent covariate representing the maximum storage duration of red-cell units received and stratified according to study center, blood type, and the cumulative number of units of blood received; the latter stratification variable is a potential confounder, since patients requiring more units are at increased risk for both exposure to older blood and death. An additional analysis used the cumulative mean storage duration of units received.
All the analyses were performed with the use of SAS software, version 9.4 (SAS Institute). A P value of less than 0.05 was considered to indicate statistical significance, with no adjustments for multiple testing. Hospitalized patients who required a red-cell transfusion were assigned to receive blood that had been stored for the shortest time (short-term storage group) or for the longest time (long-term storage group). The criteria for the exclusion of patients from the primary and secondary analyses were not mutually exclusive and were applied in a hierarchical order, as listed here. * All the patients who were included in the primary analysis had type A or O blood. Hospitalized patients who required a red-cell transfusion were assigned to receive blood that had been stored for the shortest duration (short-term storage group) or the longest duration (long-term storage group). There were no significant differences between the two groups. IQR denotes interquartile range. † Data regarding sex were missing for 1 patient in the long-term storage group. ‡ Diagnosis categories are based on version 10 of the International Classification of Diseases (ICD) for study centers in Australia and Canada and version 9 for those in the United States and Israel. Data were missing for 16 patients in the short-term storage group and 40 in the long-term storage group. § This category includes factors influencing individual health status (e.g., potential health hazards related to communicable disease) and reasons for contact with health services (e.g., specific procedures, examinations, and investigations). ¶ This category includes symptoms and signs of the various body systems (e.g., nervous and respiratory) that are not classified elsewhere and abnormal findings with respect to body fluids (e.g., blood and urine), substances and tissues without diagnosis, and poorly defined or unknown causes of death. ‖ This category includes ICD-10 categories in which the frequency within each group was 1% or less or the diagnosis was missing. (See Table S2 in the Supplementary Appendix for a more detailed description of all 21 main diagnosis categories.) and Table S2 in the Supplementary Appendix). Circulatory disorders, trauma, neoplasms, and digestive diseases were the most common diagnoses and accounted for approximately 67% of the study patients.
Transfusion Data
Patients with type A or O blood received 76,356 units of red cells (25, 466 in the short-term storage group and 50,890 in the long-term storage group) ( Table 2, and Table S3 in the Supplementary Appendix). Patients in each group received a median number of 2 red-cell units (interquartile range, 2 to 4). The mean (±SD) storage duration of the transfused blood was 13.0±7.6 days in the short-term storage group and 23.6±8.9 days in the long-term storage group (P<0.001) (Table 2 and Fig. 2) . The proportions of patients in each study group who also received platelets, plasma, or cryoprecipitate were similar. The frequency of discarded red cells that were outdated was low (0.5%) and did not increase during the study. No crossovers occurred during the study.
Outcomes
Among the patients with type A or O blood, death was reported in 634 of 6936 (9.1%) in the short-term storage group and in 1213 of 13,922 (8.7%) in the long-term storage group (odds ratio, 1.05; 95% confidence interval [CI], 0.95 to 1.16; P = 0.34). Similar findings were obtained when the study center was treated as a random effect. No significant interactions according to subgroup were found for the study center, country, blood type, or diagnosis (Fig. 3) . The median duration of hospitalization was 10 days (interquartile range, 5 to 19) for patients in the short-term storage group and 10 days (interquartile range, 5 to 20) in the long-term storage group. The hazard ratio for in-hospital death in the stratified Cox regression model was 1.08 (95% CI, 0.98 to 1.19; P = 0.13). A plot of the cumulative probability of in-hospital death according to study † A transfusion episode is defined as all transfusions given on a single day. ‡ The protocol specified a minimum difference of 10 days in the mean duration of red-cell storage between the two treatment groups. group for patients with type A or O blood shows the absolute effect on in-hospital mortality. For example, at 30 days, the cumulative probability of death was 6.9% in the short-term storage group and 6.5% in the long-term storage group (Fig. S1 in the Supplementary Appendix).
The analyses of high-risk subgroups did not show significant differences in mortality in the short-term storage group and the long-term storage group among those undergoing cardiovascular surgery (12.3% and 11.2%, respectively; P = 0.08), those in the ICU (13.3% and 12.8%, P = 0.52), and those with cancer (8.4% and 8.8%, P = 0.82) (Fig. 3) . Similar conclusions were obtained from the Cox regression models (Fig. S2 in the Supplementary Appendix). Data regarding transfusion exposure among the high-risk subgroups are provided in Table S4 in the Supplementary Appendix.
Analyses in Patients with Any Blood Type
When the 24,736 patients with any blood type were considered, the demographic characteristics were similar in the two study groups (Table S5 in the Supplementary Appendix). The median storage duration of the transfused blood was 11 days (interquartile range, 8 to 17) in the shortterm storage group and 23 days (interquartile range, 16 to 31) in the long-term storage group (P<0.001) (Table S6 and Fig. S3 in the Supplementary Appendix). A total of 30,185 red-cell units were transfused in the short-term storage group and 60,424 in the long-term storage group (Tables  S6 and S7 in the Supplementary Appendix). Inhospital death was reported in 750 of 8215 patients (9.1%) in the short-term storage group and in 1446 of 16,521 (8.8%) in the long-term storage group (odds ratio, 1.04; 95% CI, 0.95 to 1.14; P = 0.38). No significant interactions according to subgroup were found for the study center, country, blood type, or diagnosis (Fig. S4 in the Supplementary Appendix). The hazard ratio for the Cox regression model was 1.06 (95% CI, 0.97 to 1.16; P = 0.18) (Figs. S5 and S6 in the Supplementary Appendix). No significant between-group differences in mortality were found in any of the highrisk subgroups.
Exploratory Analyses
In the exploratory analysis in patients with type A or O blood, when the maximum storage duration (in days) of transfused red cells was used as a time-dependent covariate in the Cox model stratified according to study center, blood type, and the cumulative number of units received, there was no evidence of an association between the age of the blood and in-hospital mortality (hazard ratio, 1.00; 95% CI, 0.99 to 1.00; P = 0.54). A similar result was observed when the cumulative mean storage duration was used (hazard ratio, 1.00; 95% CI, 0.99 to 1.00; P = 0.61).
Discussion
In our study, we did not find a significant difference in the rate of death according to the duration of blood storage among patients in a general hospital population who underwent transfusion. No benefit of fresher blood was seen in the primary and secondary analyses, a finding that was consistent in the prespecified subgroups and high-risk subgroups. The lower boundary of the 95% confidence interval for the odds ratio for in-hospital mortality (i.e., 0.95) provided reassurance that the transfusion of older red cells was unlikely to result in an increased risk of death. In a separate exploratory analysis, we also found no association between the age of blood analyzed as a continuous variable and in-hospital mortality.
Investigators have explored the potential benefit of transfusing fresher blood in at least 13 randomized trials, including those involving neonates, children, patients in the ICU, and those All the patients who were included in the primary analysis had type A or O blood. T h e ne w e ngl a nd jou r na l o f m e dicine undergoing cardiac surgery. [4] [5] [6] [7] 10, [15] [16] [17] [18] [19] [20] [21] [22] None of these trials has shown a benefit of transfusing fresher blood. A meta-analysis that included 12 trials and a total of 5229 patients showed a risk ratio for death (freshest vs. oldest blood) of 1.04 (95% CI, 0.94 to 1.14). 23 The largest trial in this metaanalysis enrolled 2412 patients. 5 The results of our study, which included a much broader population, are consistent with these findings. None of the studies involving humans have been designed to determine whether the transfusion of the very oldest red cells (i.e., those stored for 35 to 42 days) affect patient outcomes, a question that remains unresolved. 24 Our trial had a pragmatic design, which allowed for broad patient enrollment, efficient capture of electronic data, waived consent, and an objective outcome (i.e., mortality). 25 The combination of electronic-data capture and waived consent allowed us to randomly assign more than 31,000 patients over a period of approximately 3 years at a cost of about $40 (in U.S. dollars) per patient. The enrollment of a broad patient population enhances the generalizability of the findings. By using an unbalanced ratio of 1:2 to assign patients to the short-term storage group versus the long-term storage group, we were able to maintain a minimum difference of 10 days in the mean duration of red-cell storage between the two groups without increasing the rate of blood outdating. However, the pragmatic design of our study also has limitations. First, electronic databases do not systematically record detailed information on coexisting illnesses, reasons for transfusion, cointerventions, nonfatal cardiovascular Odds ratios for in-hospital death among patients with type A or O blood were calculated with the use of a logistic-regression model that was stratified according to study center and blood type. Homogeneity testing was not performed for the prespecified high-risk subgroups. CI denotes confidence interval. outcomes, and causes of death. Second, our results may not be directly applicable to patients with blood type B or AB. However, we are unaware of any reason why our results would differ according to blood type.
In conclusion, there was no significant difference in the rate of death among patients in a general hospital population who underwent transfusion with the freshest available blood and those who underwent transfusion according to the standard practice of transfusing the oldest available blood.
